For the first time a packaged single-chip anemometry microsystem is reported. The system includes a thermal CMOS flow sensor with on-chip power management, signal conditioning, and A/D conversion. It is fabricated using an industrial IC process followed by post-CMOS micromachining. The system is packaged on a flexible substrate using flip-chip interconnection technology. The measurement of wind speeds is demonstrated in the range from 0 to 38 m/s (0 to 12 Beaufort), with a dynamic range of 65 dB. Total power consumption is 3 mW.
Introduction
Most miniaturized thermal flow sensors fabricated using IC technology [ 1-61 require off-chip driving and signal conditioning components. An early flow sensor microsystem with integrated interface circuitry was based on IC technology with additional process steps allowing subsequent micromachining [7] . Thermoelectric flow sensors fabricated using commercial CMOS processes were recently reported [8-121. Their fabrication exploits CMOS compatible silicon micromachining [13] developed for a wide range of thermoelectric microtransducers. The cointegration of a CMOS flow sensor with an on-chip sigmddelta converter was based on this technology [14] . However, the device was encapsulated in a laboratory-type package and was unsuited for applications in real environments. This paper reports the first packaged CMOS anemometer microsystem featuring a thermoelectric flow sensor with on-chip power management, signal conditioning, and A/D conversion. The encapsulation of the system entailed three challenges. First the sensor has to be in contact with the surrounding air while being protected against mechanical contact and undesired media. Second, to ensure long-term operation, the circuitry has to be sealed from the environment. Last but not least, the packaging solution should guarantee high reliability at low cost. With integrated circuits, the latter two requirements are now routinely fulfilled using flip-chip technology [15] . In this paper we report an elegant extension of the flip-chip method, and thereby successfully address the first challenge.
Sensor Design and Fabrication
The device was fabricated using the commercial 2 pm double-poly double-metal CMOS process of Microelectronic Marin SA (EM), Switzerland, followed by anisotropic silicon etching [16] . The flow sensor is schematically shown in Fig. 1 . It is based on a membrane composed of the entire sandwich of dielectric layers of the CMOS process. Along a symmetry line, the membrane contains a 6 pm wide integrated gate poly- On-Chip Circuitry A block diagram of the driving and readout electronics is shown in Fig. 2(a) . The power management drives the heating resistor of the flow sensor. Depending on the wind velocity to be measured, the overall amplification A of the two-stage amplifier can be set to 25 or 250 for wind velocity vranging from 0 to 0. 
Microsystem Packaging
The microsystem die is flip-chip [U] mounted on a flexible substrate (flex) fabricated by Dyconex AG, Switzerland, as shown in Fig. 4 . The flex is plugged into a standard socket, as shown in Fig. 5 . An opening in the flex substrate is aligned with the sensor and enables free advection. For the flip-chip assembly, 25 pm high Au bumps and a Au frame surrounding the sensor were electroplated onto the chip using the standard bumping process of EM. The electrical interconnections between the chip bumps and the substrate contact pads were soldered with PbInS0. In the same fabrication step the bump frame was soldered to a corresponding structure on the substrate, thus sealing the electronics from the medium flowing over the sensor membrane. Finally an underfill is applied between chip and substrate. The assembly is then inserted into a plastic housing consisting of a cylinder with a 1.0 mm wide flow channel, as schematically shown in Fig. 6 . The sensor is tangent to the channel. Figs. 5(a) and (b) show the device before insertion into the plastic housing. Fig. 5(c) shows the finished anemometer.
Experimental
In view of its large dynamic range, the anemometer was characterized using two different setups. Wind measurements are demonstrated between 0.02 and 38 m/s, which corresponds to a dynamic range of 65 dB. The system output is nonlinear and levels off at high wind speeds.
Conversion of the raw output signal into wind velocity can be performed, e.g., using a look-up table.
The dependence of the anemometer response on its orientation with respect to the wind direction is shown in Fig. 8 . The output variation with the azimuth @ is reported in Fig. 8(a) for a device in upright position. At angles close to 0' and 180' (channel parallel to flow) the output follows cos(@). At azimuthal angles @ between 60" and 120', the anemometer output shows two secondary lobes. These are caused by the combination of the Bernoulli effect [18] and boundary layer delamination. They correlate with the pressure distribution caused by the flow around a circular cylinder [19] . Fig. 8(b) shows similar results for a sensor inclined by 0 = 15' towards or 0=-15' away from the wind direction. For the whole velocity range, the vertical angle dependence is below 0.5 % of the output signal per degree of inclination. Temperature variations lead to changes in the sensor signal by 0.06 % K-'.
The performance parameters of the anemometer are summarized in Table 1 .
Conclusions
We have reported a packaged, miniaturized anemometer microsystem. The core of the system, a thermoelectric microsensor, is fabricated using a commercial CMOS process and compatible silicon bulk micromachining. The microsystem chip contains on-chip power management, signal conditioning, and A/D conversion. The microsystem is packaged using a novel flip-chip on flex technique. An opening in the substrate allows free advection. Wind measurements are demonstrated between 0.02 and 38 m/s. The total volume of the anemometer is 2.8 cm3. The combination of bulk micromachining, commercial IC technology and flip-chip technology enabled its extreme miniaturization.
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